We report a novel mechanism for species coexistence that does not invoke a trade-o¡ relationship in the case of outbreeding £owering plants. Competition for pollination services may lead to interspeci¢c segregation of the timing of £owering among plants. This, in turn, sets limits on the pollination services, which restrain the population growth of a competitively superior species, thereby allowing an inferior species to sustain its population in the habitat. This explains the often-observed tendency for interspeci¢c di¡erent-iation in the timing of £owering between coexisting plants. It also predicts that the introduction of an e¤cient pollinator to a habitat may cause the extinction of competitively inferior plant species.
INTRODUCTION
It has been suggested from the results of various ¢eld studies that competition for pollinators contributes to the reproductive e¤ciency and £owering phenology of outbreeding plants (Waser 1978a (Waser , 1983 Pleasants 1980; Campbell 1985; Campbell & Motten 1985; Ashton et al. 1988) . Waser (1978a) and Campbell (1985) revealed that interspeci¢c overlap in the timing of £owering in outbreeding plants causes a decrease in seed production, suggesting that interspeci¢c competition for pollinators occurs only between plants that £ower at the same time. Thus, the timing of £owering in outbreeding plants should be crucial to their reproductive success and population dynamics. Using a theoretical model that incorporates the e¡ect of the numbers of £owering plants of two pollinator-sharing plant species, Levin & Anderson (1970) predicted the extinction of the minority species, but Waser (1978b) , from the results of his simulations evaluating the e¡ect of interspeci¢c pollinator movements on plant reproduction, suggested that the two species may coexist if their £owering periods are separated.
To clarify when and how the coexistence of two pollinator-sharing plant species in a habitat may occur through the temporal separation of £owering, it is necessary to develop a population model that explicitly incorporates the temporal distributions of £owering in the two-species population because competition for pollinators is not a global phenomenon but a local one. Here, using a model for two outbreeding plant populations, each of which is composed of subsets with di¡erent £ow-ering periods and on the assumption that competition for pollinators occurs between the subsets that £ower at the same time, we examine the possibility of and conditions for coexistence of two plant species with di¡erent competitive abilities for resources (including space). We do not assume any trade-o¡ relationships in their traits (such as the trade-o¡ in competition versus dispersal or in resource competition versus pollinator attraction), which are the commonly evoked mechanisms for species coexistence in a stable environment (Crawley & May 1987; Kohyama 1993; Tilman 1994; Tilman et al. 1994 ).
THE MODEL
Consider a habitat with populations of two species, n 1 and n 2 , of annual hermaphroditic outbreeding plants. Each population consists of sub-populations with di¡erent and non-overlapping £owering periods, t 1, 2, . . ., m in year T: n k (T) P m t1 n k,t (T), where k 1, 2. Thus, we assume that a year is divided into m time slots and that a plant with trait t is in bloom during time slot t. We also assume that each individual plant has only one £ower, for the simplicity of the model. Let p t denote the pollination service supplied to the plants £owering in time slot t in any year. A pollination service is de¢ned as a set of two visits by a pollinator to plants randomly chosen from the total, n t , £owering plants, assuming no constancy (Levin & Anderson 1970) ; it is also assumed that pollen grains are not carried between any two £owers with di¡erent traits. The probability that a plant of species k £owering at time t in year T receives pollen, at least once, from another simultaneously £owering plant of the same species can be expressed as
where the term within the parentheses on the right represents the probability of failure to receive conspeci¢c pollen in one pollination service. In equation (1), competition for pollination service is assumed to occur between all the £owering plants with the same t. We assume a random choice of £owers visited by a pollinator, implying that the populations of both plant species are distributed randomly in space and that neither plant species is more attractive than the other. Any relaxation of this assumption would introduce some asymmetry into the competition for pollinators between the two plant species, which we avoid because the main aim here is to examine the coexistence of two species competing for resources or space without invoking a trade-o¡ mechanism, for example that an inferior resource competitor is superior in pollinator competition. Also, we assume that the two plant species are hermaphroditic. This assumption can be relaxed. For example, dioecious plants can be modelled by equation (1) if (n k,t (T)71)/n t (T) is replaced by (n k,t (T)/2)/n t (T), assuming a 1:1 sex ratio, which will change no qualitative features of the following theoretical results. The same holds for any case of other sexual system (Richards 1997 ) by a similar modi¢cation of equation (1). Provided that £owering time, t, is a heritable trait, the number of seedlings of species k with trait t can be expressed using a constant c k (the number of seedlings that a pollinated £ower produces) as: c k P(n t (T), n k,t (T), p t )n k,t (T). Apart from the competition for pollination, competition for space or edaphic resources occurs between all seedlings in the habitat (irrespective of £owering time or species). We incorporate this into the model in the following way. Let N denote the maximum number of adult plants that the habitat can maintain and assume that all seedlings of any species with any trait compete for those N`seats' (i.e. microsites). The population dynamics of species k with trait t can then be expressed as:
where f k,t (T)l k c k P(n t (T),n k,t (T),p t )r k P(n t (T),n k,t (T), p t ) where l k represents the relative survivability of a seedling to adult, and r k l k c k is the relative competitive ability of species k. Let species 1 be the superior competitor, i.e. r 2 5 r 1 . Here, the r value is the only species-speci¢c di¡er-ence between the two species and no counterbalancing value is assumed. Note that in equation (2) the term f k,t (T) represents the relative ¢tness of a plant of species k with trait t in year T and, thus, the denominator
is the mean ¢tness of the entire population. Summing both sides of equation (2) over k and t gives P m t1 [n 1,t (T + 1) + n 2,t (T + 1)] P m t1 n t (T + 1) N, implying that the populations in the habitat change in such a way that their total is always N.
RESULTS OF THE MODEL
(a) Sub-population densities at the steady state
We now show that, given a particular temporal (seasonal) distribution of pollination service in each year and the initial distributions of sub-populations of each plant species, the system governed by equation (2) converges on a stable steady state.
The pollination success of a plant depends on the availability of conspeci¢c pollen and thus increases as the proportion of £owering individuals of the species in the population increases (equation (1)); interspeci¢c competition for pollinators enhances the majority advantage for each £owering period, as pointed out by Levin & Anderson (1970) . This drives one species to monopolize each time slot at the steady state. The monopolizing species for each time slot is determined by the initial conditions. Eventually m sub-populations are monopolized by either species 1 or species 2. Letting k(t) denote the species that monopolizes time slot t, we have n * t n * k(t),t , where (and hereafter) the symbol * indicates the value at the steady state (T3 I) (see Appendix A). Now, we can obtain the sub-population size of the single species in each time slot at the steady state in the following way. The per-capita ¢tness function, ' t (n t ), in a single-species-monopolized sub-population at time slot t,n t , is found by substituting k(t) for k and n t for both n t (T) and n k,t (T) in f k,t (T) r k P(n t (T), n k,t (T), p t ) to give:
Thus, we have m ¢tness functions for m periods; at the steady state each of them has the same ¢tness value (the mean ¢tness, f * ), and the following equation is satis¢ed for all t (1 4 t 4 m):
Since P(n t , n t , p t ) is a monotonically decreasing function of n t (equation (1)), the steady-state size, n * t , of the subpopulation of the monopolizing species in each £owering period, t, is given by the inverse function of f * for given r k(t) and p t . f * is determined such that
We now illustrate the process of determining f * and all n * t using simpli¢ed examples, where species 1 and species 2 monopolize ¢ve and three periods, respectively (m 8) (¢gure 1a). Note that the ¢tness curves of species 1 (thick curves) are in relatively higher positions than those of species 2 (thin curves) and that among sub-populations monopolized by the same species, a function curve for a period with richer pollination service lies above that for a period with poorer pollination service, because ' t (n t ) r k(t) P(n t , n t , p t ) is an increasing function of r k(t) and p t . The horizontal value (indicated by a dot on the horizontal, n t , axis) of the intersection (open circle) of each ¢tness curve, ' t , (depicted by each monotonically decreasing curve) with the horizontal line representing the overall mean ¢tness, f * , at the steady state gives the value of n * t . If f * moves down from r 1 to zero, the n * t values (and, thus, their sum) monotonically increase from zero to in¢nity. Hence, f * can be uniquely determined such that the sum of the n * t values equals N. If a ¢tness curve, ' t , does not cross the horizontal line f * (as in the lower thin curves in ¢gure 1a) then the species k(t) that would monopolize £owering period t will not sustain the sub-population £owering during that period. Species k(t) will therefore become a loser in the global competition between the sub-populations £owering in di¡erent periods.
If the sub-population size, n t , of the monopolizing species for each £owering period, t, decreases or increases (indicated by the left and right open circles, respectively, in ¢gure 1b) relative to its steady-state value, n * t , its ¢tness, ' t , will become greater or smaller than f * and thus it will return to n * t (indicated by arrows 1 and 2, respectively, in ¢gure 1b). This negative feedback, due to the negative density dependency of the ¢tness function, ' t , for the monopolizing species in each £owering period, t, stabilizes the system and leads to the steady state. Our numerical simulations have con¢rmed the stability, although we cannot provide a mathematical proof of the stability of the steady state, beyond this heuristic explanation under the simpli¢ed assumption that any £owering period is monopolized by a single species.
(b) Condition for the coexistence of two species
Suppose now that species 1 has existed for a period of time in the habitat and has a population distributed mostly in the time slots with higher pollination service. Species 2 is immigrating to the habitat with a small population. To invade successfully, species 2 must ¢rst win the temporally local competition for pollination service in order to monopolize some time slots. This can be achieved more easily when the £owering periods of the invading population of species 2 are su¤ciently di¡erent from those of the resident species 1 population. Assume now that species 2 ful¢ls this necessary condition for successful invasion, that is, that it wins the local competition in some £owering periods with a lower pollination service. By de¢nition (r 2 5 r 1 ), the maximum values of the ¢tness functions, ' t , (the value at n t 2, ' t (2)) of species 2 are smaller than those of species 1. Therefore, species 1 sustains most (or all) of the sub-populations that win the local competition for pollination service and, thus, its overall population in the habitat. Species 2 may be unable to sustain any sub-populations and, thus, may fail to establish in the habitat. The necessary and su¤cient condition for species 2 to succeed and coexist with species 1 (that is, to sustain its overall population in the habitat by maintaining some sub-populations) is that the di¡erent sub-populations of species 1 cannot grow to occupy all the N microsites alone. Letting denote the greatest value of the maxima, ' t (2), of the ¢tness functions for species 2 (i.e. the highest point of the highest thin curve in ¢gure 1a) that would monopolize period t if surviving, the condition for species 1 to occupy all N is P k(t)1 ' t 71 () N. Therefore, the condition for species 2 to succeed in coexistence with species 1 can be derived (see Appendix B) as
The left panel in ¢gure 1a shows a case in which species 2 (thin curves) does not satisfy the condition given by equation (5) and fails to sustain its population in the habitat, while the right panel depicts a case in which species 2 satis¢es the condition given by equation (5) and succeeds because the pollination service in the periods monopolized by species 1 (thick curves) is su¤ciently poor (low).
The reverse case, in which the superior competitor, species 1, comes into a habitat already occupied by species 2, should be easier and thus the condition for successful invasion and coexistence is weaker than the condition given in equation (5). Therefore, the condition given in equation (5) represents the necessary and su¤-cient condition for the coexistence of the two species in the same habitat. From equation (5), it is predicted that Plant coexistence on competition for pollination R. Ishii and M. Higashi 581
n t 2 n t 2 n t Figure 1 . The relationship between the population size of one species monopolizing a sub-population, n t , and the ¢tness of an individual plant in that sub-population, ' t . (a) The procedure to obtain the sub-population sizes at the steady state (m 8 for visual simplicity). Thick and thin curves represent the ¢tness functions, ' t , of sub-populations of species 1 and species 2, respectively. The maxima of the thick curves (' at n t 2) are mostly higher than those of the thin curves because of the assumption that r 1 4 r 2 . Fitness is a decreasing function of sub-population size, n t , implying that ¢tness is decreased by the intraspeci¢c competition for pollination service. (b) An illustration of the heuristic explanation for the stability of the steady state, n * t , under the simpli¢ed assumption that any £owering period is already monopolized by a single species. See } 3(a) for an explanation. the coexistence of the two species is more likely under the following circumstances:
(i) larger capacity of the habitat, N; (ii) more time slots won by the inferior species (fewer terms to sum in P in equation (5));
(iii) poorer pollination service in the time slots won by the superior species (lower p t ) and a richer service for those won by the inferior species (higher ); and (iv) smaller di¡erence in r-values between the two species (lower r 1 and/or higher ).
More generally, we can consider any initial state and equation (5) still gives the necessary and su¤cient condition for the coexistence of the two species with the general de¢nition of . It indicates that, given the capacity of the habitat, poor pollination service (low p t ) limits the domination of the habitat by a single species because of intraspeci¢c competition, particularly in relatively rich periods, allowing the other species (even when an inferior competitor) to sustain its population in the same habitat.
(c) Simulation results
To investigate the dynamics of the invading population of species 2 under more realistic conditions, we ran a simulation that incorporates pollen transport between £owering plants occupying sequential time slots. Here, we assume that the £owering period of a plant with trait t covers two units of time, time slot t and time slot t + 1. The ¢rst half, time slot t, overlaps with the second half of the £owering period of a plant with trait t71, while the second half, time slot t + 1, overlaps with the ¢rst half of the £owering period of a plant with trait t + 1 (see ¢gure 2a). For simplicity, an o¡spring of two plants with di¡erent traits is assumed to inherit the trait of one or other of its parents, with the same probability for each (i.e. haploid inheritance). The dynamics of each subpopulation are governed by equation (2). We compared various situations with di¡erent temporal distributions, sizes of pollination service and sizes of the invading population of species 2 to observe their e¡ect on two-species coexistence. Since the seasonal distribution of species 2 did not change after 30 generations, the distribution at T 50 (bottom of ¢gure 2b indicated by ¢lled circles) can be regarded as the steady state. Figure 2b depicts how the average timing of £owering of the invading population of species 2 a¡ects the survival of species 2. Even if the conditions listed in ½ 3(b) are favourable for coexistence, as long as the average time of £owering of the invading population is similar to that of the established population (left panel, ¢gure 2b), none of its sub-populations can monopolize any time slot. On the other hand, if the average timing of £owering of species 2 is su¤ciently di¡erent from that of the established species (a superior competitor) (right panel, ¢gure 2b), some of the sub-populations can win the temporally local competition for pollination service and monopolize some £ow-ering periods, and hence achieve stable coexistence. Figure 3 shows how the frequency of pollination service a¡ects the survival of species 2 after its invasion into the habitat occupied by species 1 once a steady state has been reached. The initial conditions of the two plant populations are identical to those illustrated in the right panel of ¢gure 2b, except that the size of the invading population of species 2 di¡ers between the cases represented by open circles (n 2,0 300), ¢lled circles (n 2,0 600), open diamonds (n 2,0 900) and ¢lled diamonds (n 2,0 1800). The ¢gure indicates that severe pollen limitation (small value of p) and a larger invading population size of the inferior competitor (species 2) both enhance coexistence with the superior competitor (species 1).
DISCUSSION
The model presented here is applicable to annual plants without dormant seed banks, in a stable environment, that is, there is no`storage e¡ect' (Chesson 1985) . However, as is evident from equation (2), numerical simulations show that the theoretical results also hold for perennial plants but with a slower convergence to the steady state resulting from the bu¡ering e¡ect. Also, although the inclusion of vegetative reproduction, which often occurs even in outbreeding perennial populations, in e¡ect enhances the di¡erence in competitive ability between the two species, the basic logic and theoretical results presented still hold.
In the model, we assume that the frequency of pollination service is ¢xed independently of the number of £ow-ering individuals, in order to focus on the analysis of £owering-population dynamics. It has been reported that the frequency of pollination service is regulated by the number of £owers (e.g. Totland & Matthews 1998) but is also limited by the potential frequency of pollination service, that is, by the population size of pollinators and their activity, which are regulated by other environmental factors such as air temperature, light level and air velocity (Inouye & Pyke 1988; Herrera 1995; Vicens & Bosch 2000) . If the potential pollination service is relatively large and the plant populations are relatively small, then the temporal £owering pattern regulates the number of pollinator visits. On the other hand, in the opposite case, where the potential pollination service is relatively poor, the frequency of pollinator visits is primarily limited by the pollinators and hence also by abiotic seasonal factors (Inouye & Pyke 1988; Herrera 1995) . Therefore, if the model incorporated the positive correlation between pollinator visits and £ower numbers, coexistence would be more di¤cult in pollinator-rich conditions than the present study suggests, while it would make no di¡erence in pollinator-poor conditions. Thus, the main qualitative prediction of this model, that coexistence occurs when pollination service is poor, would not change. We do not fully understand the mode of inheritance of the timing of £owering; therefore, for simplicity, we employ a single-locus haploid genetic system for the inheritance of £owering traits in our simulation. Although the simulations presented here were run with a null mutation rate, we have con¢rmed in other numerical simulations that the times of £owering of the two populations shift only if the mutation rate is unrealistically high (larger than 5% per generation). Therefore, the incorporation of this variable (with realistic values) does not change our main conclusions regarding species coexistence.
In summary, by dividing plant populations into subpopulations with di¡erent £owering times, our model describes the dynamics of the timing of £owering of two plant species competing for a given seasonal distribution of pollinators and suggests that coexistence of the two plant species, even if they have di¡erent competitive abilities for static resources, can occur by temporal separation of their £owering times. Even a small population of an inferior species can invade a habitat dominated by a superior competitor if the inferior species can win the competition for pollination service during a subinterval of the £owering season, by exceeding the superior competitor in the number of £owers open simultaneously, so as to eliminate the superior competitor from that time period. It can maintain its population if the frequency of pollination service in the sub-intervals won by the superior competitor is su¤-ciently low to force intraspeci¢c competition between individuals of the superior species, suppressing their realized ¢tness to a level as low as that of the inferior species. This coexistence can occur in the following situation. Imagine a habitat where pollination service limits the growth of the resident population. Seeds of many alien species arrive and eventually, by chance alone, one alien species happens to become established. It exhibits strongly synchronous £owering that overlaps with one of the tails of the temporal £owering distribution of the resident species. This is su¤cient for it to monopolize the pollinators for some sub-interval. Thus, temporally local competition for pollination service is su¤cient to eliminate the resident species from this time period (temporal-niche contraction). The £owering season of the resident species is shortened as a consequence. We may observe this type of species coexistence as the result of rare chance incidents that lead to the successful establishment of an alien species from lots of trials, most of which have resulted in failure and left the resident population unchanged. Our model not only supports the idea that sympatric plants have interspeci¢c di¡erences in their timings of £owering as the consequence of competition for pollinators (Waser 1978a (Waser , 1983 Pleasants 1980; Campbell 1985; Campbell & Motten 1985; Ashton et al. 1988) , but also elucidates a feasible speci¢c mechanism for interspeci¢c di¡erentiation of the timing of £owering. Also, it has been reported that many genera of alien plants in the British Isles £ower in either an early or a late season of the year, which avoids overlap with the native plants (Crawley et al. 1996) . These observations suggest that the pollen limitationinduced mechanism suggested here may be at work in nature for the sympatric coexistence of plant species.
It would be an interesting extension of the model to apply it to the case of multiple species. From our preliminary simulations, it is suggested that the coexistence of three or more plant species may occur by the same mechanism, although the order of invasion a¡ects greatly how many plant species are able to coexist in a habitat (R. Ishii and M. Higashi, unpublished data).
The model predicts that, as well as the disturbance of abiotic components (e.g. soil erosion or soil pollution, reducing the N-value), disturbance to the pollinator abundance of a natural habitat (biotic components, e.g. the introduction of an e¤cient pollinator (Winston 1992) , which increases the p-value) can cause the extinction of a competitively inferior species.
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